This paper considers the problem of nding the temperature eld in two-layer metallic materials heated by a moving source of radiation. It describes developed by the authors numerical method for solving the problem of heating a two-layer plate by a moving axially symmetric surface heat source with regard to the function of distribution of the power density of the beam for which the program of computation in C ++ was implemented. The calculation results were used for selecting the optimal parameters (speed and power density of the source) of modifying radiation of protective powder coatings on steel substrates.
Modeling of Processes Taking Place during Powder Coating
Treatment This paper considers the problem of nding the temperature eld in two-layer metallic materials heated by a moving source of radiation. It describes developed by the authors numerical method for solving the problem of heating a two-layer plate by a moving axially symmetric surface heat source with regard to the function of distribution of the power density of the beam for which the program of computation in C ++ was implemented. The calculation results were used for selecting the optimal parameters (speed and power density of the source) of modifying radiation of protective powder coatings on steel substrates. The relevance of the problem of nding the temperature eld in two-layer metal materials heated by a moving source of radiation is conditioned by the problem of choosing the optimal modes of modifying radiation of protective powder coatings applied by a high-speed plasma jet to the steel substrate. Based on a series of experimental studies of the structure and properties of such coatings before and after additional irradiation by electron beam or plasma jet [15] , we concluded that it is necessary to simulate the temperature distribution during irradiation to justify the choice of such irradiation parameters as power density and the speed of the source.
The values and the distribution of temperature in the depth from the surface heated by a source play a crucial role in the precipitation of reinforcing phase particles from the solid solution, acceleration of diusion processes between the coating and the substrate. Comparing the experimental data with the temperature prole calculations we can oer the best modes of radiation that do not cause excessive heating of a coating, but at the same time lead to changes in the phase composition (formation of reinforcing particles) and to improvement of adhesion of coatings to the substrate due to acceleration of diusion processes between the coating and the substrate.
During radiation treatment of coatings high temperatures of the coating surface are achieved (the melting of the coating surface is an often phenomenon), at that the temperature of the substrate at a relatively small depth increases slightly. Since the thermal properties of metals, such as thermal conductivity and specic thermal capacitance, substantially depend on temperature, adequate modeling of heat transfer in the processing of coatings * corresponding author; e-mail: dalontseva@mail.ru by radiation leads to the solution of the non-stationary problem of the theory of non-linear thermal conductivity.
Problems of the nonlinear theory of heat conductivity are solved almost exclusively by numerical methods due to the extreme diculty of nding analytical solutions of emerging problems [6, 7] . From a practical point of view, it is essential to consider the following fact: a mathemat- In this paper we propose the developed numerical method for solving the problem of heating a two-layer plate by a moving axially symmetric surface heat source.
The following is the description of the proposed method.
Physical and mathematical formulation of the problem
Since the thickness of the coating layer in which heat is emitted during radiation processing is very small compared to the thickness of the coating, we use a at heat source model. Because in most practical cases geometric dimensions of the zone of intense heating are small compared to the size of a sample, we simulate the substrate by a semi-innite body, and the coating by an unlimited plate of thickness h. We introduce the Cartesian coordinates as shown in Fig. 1 (X and Y axes are lying in the plane of the coating surface, Z axis is pointed into the sample). Let at the initial time t 0 a at axially symmetric heat source moving with velocity V directed along the axis X be switched; and at the time t 0 the axis of the beam passes through the point (x 0 , 0, 0) where x 0 = V t 0 . Then we come to the boundary problem of the theory of thermal conductivity dened by the system of dierential equations and boundary conditions:
where T 1 (x, y, z, t) and T 2 (x, y, z, t) are thermal elds in the coating and the substrate; a 1 and k 1 coecients of thermal diusivity and conductivity of the coating material, a 2 and k 2 coecients of thermal diusivity and thermal conductivity of the substrate material. The surface heat source is described by the equation f (x, y, t) = Q(r(x, y, t))ϕ(t − t 0 ), (2) in which, r(x, y, t)
the function that describes the distribution of the source power surface density (argument r sets the distance to the axis of the source), and φ(t) function is given by the system
3. Solution method
Let a xed at heat source with a power density (4) operate on the surface of the above-described composite solid N (r, t) = Q(r)ϕ(t − t 0 ).
If we can calculate the temperature eld T * (r, z, t) (in a cylindrical coordinate system, z axis of which coincides with the axis of the source and is pointed into the plate) generated by the source, we will be able to nd the eld of a moving source by calculating the quadratures. Indeed, the temperature at the sample heated moving source at the time is determined by Eq. (5) [7] . In point of fact, the temperature T A at the point A(x, y, z) of the sample heated by a moving source at the time t is determined by Eq. (5) [7] :
To nd the eld T * (r, z, t) we consider the following problem of thermal conductivity: there is a composite solid, which is a semi-innite cylinder of radius R (a region of space dened by the inequalities r ≤ R, z > h), whose material has a thermal conductivity coecient k 2 and the coecient of thermal diusivity a 2 , in contact with the cylinder of radius R and height h, made of material with thermal conductivity and thermal diusivity k 1 and a 1 , respectively. At the initial time an axially symmetric at heat source with a surface power density given by the function N (r, t) = Q(r)ϕ(t) starts to act on the surface of the body; the temperature of the side surface of the composite cylinder is maintained at zero.
The body temperature at the initial time is zero. Find the temperature eld of the upper cylinder dened by the function T 1 (r, z, t) and the temperature eld in a semi--innite cylinder function T 2 (r, z, t). We may assume that if the function Q(r) is nite, i.e. there is such r max that Q(r) = 0 if r > r max , and r max R, then the solution will be a good approximation to the eld T * (r, z, t − t 0 ). We approximate the function Q(r) by the rst N members of its expansion in a FourierBessel with Bessel functions J 0 (r):
where ζ k = λ k R (λ k k-th root of the function J 0 (r)). The solution of the problem takes the form 
, T 1k (r, h, t) = T 2k (r, h, t), as well as the condition T 2k (r, ∞, t) = 0 and initial conditions T 1k (r, z, 0) = 0 and T 2k (r, z, 0) = 0. We perform Laplace transformation with respect to the variable t, having designated T 1k (s, r, z) = . We look for T 1k and T 2k as (8) where
[15]. Taking into account that
, the boundary conditions give a system of
solving which we get
As for the estimation of the temperature eld of a moving source, we need not the temperature elds T 1 (r, z, t) and T 2 (r, z, t) as such, but their time derivatives
∂T1(r,z,t) ∂t and

∂T2(r,z,t) ∂t
, we use the property of the Laplace trans-
From the initial conditions (11) and (12) we get the view
where
and Y k , F 1k , and F 2k are dened by the equations:
As it is known, when solving heat conductivity problems with the use of the Laplace transformation in time the greatest challenge is to transform the inverse transformation [1517] . In this case, a key role is played by the problem of nding the original of the function (17) . For simplicity we shall omit the index k, and will take the image Y (s) = 1 k1η1sh(η1h)+k2η2ch(η1h)
. In fact, knowing the original of the image y(t) it is easy to nd y 2 (t) as the convolution of functions y(t) of the original image.
To nd the original of Y (s) the following method was used: we will write Y (s) in the form
It can be proved that the function D(it) of a real argument t is square integrable, and because of this, it can be regarded as the Fourier spectrum of some function d(t).
In such a case, the original image Y (s) can be found as y(t) = y 
where ε = 
from which we obtain and can serve as a criterion for the suitability of one or the other approximate method, the correctness of which can be veried using the model.
